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Abstract—Traction inverters are crucial components of modern
electrified automotive powertrains. Advances in power electronics
have enabled lower cost inverters with high reliability, efficiency
and power density, suitable for mass market consumer auto-
motive applications. This paper presents an independent review
of the state-of-the-art traction inverter designs from several
production vehicles across multiple manufacturers. Future trends
in inverter design are identified based on industry examples
and academic research. Wide bandgap devices and trends in
device packaging are discussed along with active gate driver
implementations, current and future trends in system integration,
and advanced manufacturing techniques.
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I. INTRODUCTION

ELECTRIFIED vehicles (EVs) are continuing to show
promise as more manufacturers announce plans to de-

velop electrified models in order to improve fuel economy
and remain competitive as consumer demands shift towards
efficient, cleaner vehicles. These include hybrid electric vehi-
cles (HEVs), plug-in hybrid electric vehicles (PHEVs), battery
electric vehicles (BEVs), and fuel cell vehicles. At the heart
of all electrified powertrains is one or more electric machines
(EMs) which operate either in conjunction with an internal
combustion engine (ICE) or replace it entirely. The EMs
found in EVs today are most commonly of the AC permanent
magnet (PM) or AC induction machine (IM) type [1, 2]. To
drive them, a traction inverter is required to convert the direct
current available from the battery pack to variable frequency
alternating current. In addition to the motoring mode, the
machines can also operate as generators, requiring the inverter
to act as a rectifier and return energy to the battery.

In 2012, the U.S. Department of Energy (DOE) initiated
a long term project called the ‘EV Everywhere Grand Chal-
lenge’ with the goal of defining a technology roadmap for cost-
effective, powerful and reliable EVs that can compete with
conventional ICE vehicles [3]. National laboratories, original
equipment manufacturers (OEMs), and suppliers are working
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together to improve the power electronics systems subjected
to aggressive targets for 2020 as a part of the technology
roadmap. Regarding the inverter objectives, a 30 kW contin-
uous (55 kW peak) design is expected to achieve a power
density of 13.4 kW/L and a specific density of 14.1 kW/kg at
a cost of $3.3/kW for 100 000 units. Delphi Technologies and
the DOE overcame some of the barriers and disclosed in a 55
kW peak traction inverter with 15 kW/L and 17 kW/kg [4].
However the cost remains the biggest challenge as the inverter
reached $5/kW. Several OEMs have achieved a subset of the
goals as well, and traction inverter design will be discussed in
detail in the following sections. The DOE recently updated the
objectives to accelerate the integration of EVs in the market
and defined new targets for 2025 [5]. For the inverter power
module composed of an inverter and, if applicable, a DC/DC
boost converter, a 100 kW integrated design with 100 kW/L
at $2.7/kW is expected. This represents 18% cost reduction
and 87% volume reduction compared to the 2020 goals. In
view of these new targets, major technological breakthroughs
are required.

While previous reviews have either covered the entire
electrified powertrain [6] or focused on theoretical aspects of
the inverter [7], the goal of this paper is to present a thor-
ough review of the production inverter implementations across
several vehicle manufacturers. In the following, a review of
current production automotive traction inverters with a focus
on BEVs and PHEVs is presented. BEVs and PHEVs tend to
have higher power inverters and, as the industry trends towards
fully electric powertrains, the majority of traction inverters in
the future will be in the 100-500 kW range compared to the 30-
60 kW range found in HEVs today. Finally, future trends are
identified based on ongoing research and emerging industry
practices.

II. INVERTER DESIGN

A. Topology

Due to their high efficiency and low cost, the vast majority
of production EVs today utilize three phase voltage source
inverters (VSI) based on insulated gate bipolar transistors
(IGBTs). As shown in Fig. 1, the battery pack can be either di-
rectly connected to the inverter DC input (Fig. 1a), or a DC/DC
boost converter can be used to step up the battery voltage and
supply the inverter with a controlled DC voltage (Fig. 1b).
In both circuits, a large DC-link capacitor Cdc smooths the
ripple current and voltage generated by the switching action
of the active devices. This ensures a nearly constant DC-link
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Fig. 1: Standard inverter topologies used in the automotive
industry.

voltage and reduces the high frequency current harmonics. The
boost converter is commonly implemented with two switching
devices such that it is bidirectional and can return energy to
the battery during regenerative braking. The topology can be
scaled to higher power levels by paralleling multiple converter
phases, which has the benefit of reducing ripple if interleaving
control is used. The VSI topology requires six switches which
are modulated to generate a three phase sinusoidal output
current to the EM [8].

Thanks to its single stage conversion, the architecture shown
in Fig. 1a is cheap, easy to manufacture and requires simple
control of the switching devices. Moreover, the VSI has been
intensively studied and widely used in the industry over the
past decades which makes this topology mature, robust, and
reliable.

B. Alternative candidates

Many alternative topologies have been suggested, however
most of them require additional power switches and passive
elements beyond the standard VSI which increases not only
the cost, but also the control complexity, volume and weight of
the system. Extensions of the two level VSI and accompanying
modulation schemes have also been proposed such as the H8
architecture [9] and four-leg inverters [10]. These topologies
can reduce the high frequency common mode voltage variation
within the EM which is known to cause bearing failure [11].

1) Current source inverter (CSI): The CSI is a traditional
inverter that converts power from a DC current source to an
AC output [8]. A DC voltage source, such as a battery pack,
can also be used if it is connected in series with a large
inductor. The circuit is composed of six switching devices with
bidirectional voltage blocking and unidirectional current flow
capability. Thus, symmetric thyristors or IGBTs in series with
diodes are common solutions implemented in the industry. For
motor drive applications, capacitor filters are required on the

AC output due to the high distortion of the line currents caused
by the switching action.

One advantage of the CSI is its capability of boosting the
input voltage to produce an AC output with a higher peak
value than the DC input voltage. This eliminates the need for
a separate DC/DC boost converter and extends the constant
power range of the EM by providing sufficient output voltage
even as the machine’s back EMF rises above the DC-link [12].

While the significant reduction of the DC link capacitor can
improve the power density of the CSI, there is still a need for a
DC-link inductor that is usually bulky and heavy in high power
applications. Practically, the lower efficiency and higher cost
compared to the VSI have prevented adoption of the CSI in
automotive traction applications [13].

2) Z-source inverter (ZSI): The ZSI combines some char-
acteristics of the VSI and CSI where either a voltage or
current source can be directly connected to its input terminals
[14]. The circuit uses six semiconductor devices that require
unidirectional voltage blocking capability and bidirectional
current flow. With appropriate control of the switches, the ZSI
can operate as a buck-boost inverter since it is capable of
producing an AC output voltage either higher or lower than
the DC input source.

The ZSI could be a suitable alternative solution for elec-
trified powertrain applications due to its buck-boost feature
since DC sources, such as batteries, provide a widely varying
voltage range [15, 16]. The ZSI provides higher or similar
efficiency than the VSI and the combination of the VSI
with a DC/DC boost converter respectively [17]. However,
even though the number of active devices is low, the passive
component requirements are higher in the ZSI. Hence, the cost
and volume of this topology still prevents its adoption by the
automotive industry.

3) Three-level inverters: Over the past few years, three-
level inverters have gained interest in the industry as alternative
solutions to the standard VSI. Among the many topologies that
have been developed, the Neutral Point Clamped (NPC) and
the T-type NPC (TNPC) are the most competitive solutions
[18–20].

Advanced studies have highlighted several aspects of the
benefits of three-level inverters [21, 22]. An efficiency com-
parison for a wide range of switching frequencies has been
conducted to compare the VSI, the NPC and the TNPC
inverters. Results show that the efficiency of the VSI is higher
only for low frequencies but drops significantly above 10 kHz.
On the other hand, the TNPC is more efficient for medium fre-
quencies between 10 kHz to 30 kHz, while the NPC becomes
slightly more efficient for frequencies above 30 kHz. Three-
level inverters provide output voltages with lower harmonic
distortion than the VSI, reducing the EMI filter requirements
and improving the efficiency of the motor. Nevertheless, the
capacitor banks for three-level inverters have a volume twice
that of the VSI and requires additional control to ensure
capacitor voltage balancing. Moreover, both topologies suffer
from high cost and increased control complexity due to a high
part count.
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C. Modulation techniques

The AC output voltages produced by the inverter and
feeding the EM are generated through pulse width modulation
(PWM) techniques that switch the power semiconductors in
a desired pattern. Closed-loop control is achieved by the
inverter through phase current and rotor position feedback,
thus requiring at least two phase current sensors in the inverter
and a suitable interface for a resolver or encoder from the EM.

1) Sinusoidal PWM (SPWM): SPWM is one of the most
classic techniques used in the industry due to its simplicity
[23]. It was first developed with analog circuits but digital
implementation is now a standard procedure. One drawback
of this modulation scheme is its limited use of the DC-link
voltage Vdc since the maximum amplitude of the fundamental
output phase voltage is Vdc/2. Moreover, this method gen-
erates relatively high total harmonic distortion (THD) in the
line voltages compared to other techniques, causing higher
harmonic losses.

2) Space Vector PWM (SVPWM): Despite its more inten-
sive computational requirements, SVPWM has gained popu-
larity as the widespread adoption of digital signal processors
(DSPs) and microcontrollers has enabled low cost implemen-
tations [23, 24]. SVPWM achieves better performance by
generating reduced THD compared to SPWM, improving the
efficiency of the inverter as well as the EM. Furthermore, the
maximum fundamental amplitude of the phase voltage is equal
to Vdc/

√
3, which is about 15% higher than SPWM method

in the linear region [25, 26]. Hence, the SVPWM enables a
better DC link utilization, which can be even further extended
through six-step operation in the over modulation region.

3) Six-step modulation: Though it is challenging to confirm
which modulation strategy is used for the traction inverters in
every EV, it is believed that SVPWM is preferred due to its
performance superiority. For example, it has been reported in
[27, 28] that General Motors (GM) employs SVPWM for the
linear modulation region and then applies six-step modulation
in the over modulation region.

The six-step mode, also known as square-wave modula-
tion, is named after the six distinct steps the output phase
voltages take over a fundamental cycle [29]. During the six-
step mode, the DC link voltage utilization is maximized since
the fundamental amplitude of the phase voltage is equal to
Vdc. This improves the EM performance by increasing the
torque capability in the flux-weakening region. On the other
hand, this method raises some practical issues due to low-order
current harmonics that make control of the torque challenging.
The six-step modulation remains a complementary method
combined with another PWM technique due to its lack of
output voltage amplitude control.

D. Inverter components

IGBTs have been the predominant choice for traction in-
verters compared to other switching devices. This is due
to the maturity of the technology, its wide availability, low
cost, and sufficient power capability. Indeed, IGBTs with a
blocking voltage of 650V to 1200V can easily handle today’s
battery pack voltages which vary from 200V to 450V in most

EVs. Furthermore, power modules with high current capability
or discrete devices connected in parallel have emerged as
solutions in response to higher power demands.

Gate drivers are greatly responsible for the efficiency of
the inverter as they influence the dynamic behavior of the
IGBTs and the freewheeling diodes. They are composed of
integrated circuits (ICs) that transmit isolated control signals
to switch the device and provide protective feedback. For high
voltage applications, such as traction inverters, optocouplers or
pulse transformers are typically used for isolation [30]. The
gate driver design needs to consider the factors influencing
the power device switching performance. Several approaches
have been developed, from passive circuits using external gate-
emitter capacitors and gate resistors to closed-loop control that
adjusts the gate drive output based on the IGBT operation [31].

To implement the motor control software, a microcontroller
or DSP is included, typically on a dedicated control board
within the inverter. Given the computational requirements of
the motor control and modulation schemes, 32-bit floating-
point processors clocked at over 100 MHz are the norm for
traction inverters. As control algorithms continue to increase
in complexity and switching speeds rise, it has been suggested
that field programmable gate array (FPGA) hardware be used
to implement the modulation while the DSP handles the motor
control, in order to improve timing accuracy and reduce the
DSP requirements [32, 33]. A position sensor is typically used
to determine the rotor angle of the EM. Most automotive
applications use a resolver and a dedicated resolver-to-digital
(R2D) chip is included on the inverter control board to provide
the necessary excitation signals as well as the analog to digital
conversion of the resolver signal.

Current sensors are used to measure the inverter’s AC ouput
current, which is fed back to the DSP which implements the
closed loop control. For automotive applications, open loop
Hall effect sensors are typically applied due to their relatively
low cost, high bandwidth and inherent isolation.

The DC-link capacitor is a crucial component of the inverter
as it protects both the input source and the power devices
from large current and voltage spikes. Hence, the proper
selection is based on the ripple current requirements and
the capacitance calculated from voltage ripple requirements
[34, 35]. Compared to electrolytic capacitors, film capacitors
have shown many benefits for inverter applications where high
current ripple capability is a concern while high capacitance is
less important. Indeed, a more power-dense, efficient, and low
cost design can be achieved with film capacitors, as shown in
[36]. Moreover, while the temperature variation affects both
technologies, electrolytic capacitors are particularly sensitive,
with every 10 ◦C rise in operating temperature reducing the
lifetime of the capacitor by approximately half [37].

As power requirements for traction inverters continue to
rise, heat dissipation has become a critical concern in inverter
design. In fact, high temperatures have been identified as the
primary source of failure and overheating dramatically reduces
the reliability and lifetime of power converters [38, 39]. Hence,
thermal management systems, such as heat sinks, have become
staple components and optimizing their design is a challenging
task as they require advanced loss and thermal models [40–
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43]. Many cooling techniques have been studied over the
years [44]. Liquid cooling is usually preferred in high power
inverters since they efficiently dissipate more heat in a limited
space compared to forced air cooling. They also operate better
regardless of the ambient environmental conditions.

Busbars are commonly used in high power inverters due
to their superior current capability compared to printed cir-
cuit boards (PCBs) and higher power density compared to
the use of wires. Their design is a complex procedure that
requires many considerations such as the shapes of the DC-
link capacitor and power devices, the thermal management
system, the current density, and the operating environment.
Particular attention must be paid to minimize any parasitic
inductance introduced by the busbar connections which can
have a significant effect on surge voltages during switching
events [45].

III. CURRENT STATUS

Numerous OEMs now offer electrified or fully electric
models. Information on the implementations of the inverters
for these vehicles is either published in technical papers by
the manufacturers and their suppliers, or it is obtained through
reverse engineering by private or governmental organizations.
The rated power and power densities of the reviewed traction
inverter implementations are summarized in Table I.

A. General Motors (GM)

GM has had a long history of electrification, beginning
with the EV1 in 1996. Their first generation traction inverter
featured a power density of 3 kW/L [6]. Today they offer
several electrified models and have published technical papers
on some of the inverter designs with their Tier 1 supplier
Delphi Technologies.

1) Chevrolet MY2016 Volt: The 2016 model year Chevrolet
Volt marks the second generation of GM’s first production
PHEV. The traction inverter is described in detail in [46]
and [47]. The inverter features dual VSIs for the traction and
generator machines with power ratings of 87 kW and 48 kW
respectively, as well as a smaller VSI to drive the variable
speed oil pump for the ICE. The maximum DC link voltage is
430 V and the maximum total simultaneous AC power for both
inverters is reported as 180 kVA with a power density of 17.3
kVA/L. While the first generation Volt inverter was situated
separately in the engine bay, the second generation is located
directly on the transmission manifold to eliminate the need for
phase cables. This tighter integration of the inverter with the
powertrain reduces component count, harness complexity and
assembly cost while improving collision robustness.

The overall layout of the inverter is shown in Fig. 2. The
double-sided cooling (DSC) IGBT power module developed
by Delphi Technologies is used for both the motor and genera-
tor inverters. Wire bonds were eliminated in favor of solderable
interconnects to improve reliability and reduce inductance.
The coefficient of thermal expansion (CTE) of the ceramic
substrates was matched to that of the silicon to further increase
reliability. The twelve modules are soldered in two rows of six
to a power PCB which is connected to the DC-link from above
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Fig. 2: Second generation Chevrolet Volt inverter components
[46]: 1) Control board 2) Gate driver board 3) Top heat sink
4) Power board 5) DSC IGBT modules 6) Bottom heat sink
7) Phase busbars 8) DC-link capacitor.

in the center. The AC output bus bar assembly connects from
below to the edges of the PCB. The DC-link capacitor sits
below the AC bus bar and connects upwards in the center to
the DC link on the power board.

Cooling of the IGBT modules is achieved with copper
metal injected molded heat sinks. With the elimination of
phase cables, the AC output bus bars are now connected
directly to the EMs which offers a direct path for heat flow
from the EM windings to the inverter power modules. An
additional cooling mechanism consisting of an electrically
insulated thermal interface material and stamped aluminum
sheet was required to divert heat flow from the bus bars to the
inverter housing.

2) Cadillac MY2016 CT6: The Cadillac CT6 PHEV builds
upon the Volt powertrain design to meet the higher perfor-
mance requirements of a luxury rear wheel drive application.
The traction inverter is described in [48] and [49], again featur-
ing dual VSIs for the motor and generator, and a third smaller
VSI for the engine oil pump. Despite the identical topology,
the implementation is somewhat different from the Volt. AC
phase cables to the motors remain, likely for packaging reasons
given the larger ICE and longitudinal orientation of the hybrid
transmission.
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The power switches are phase leg modules developed by
Hitachi which feature direct cooling. The module packaging
eliminates any thermal grease, with water ethylene glycol
(WEG) coolant passing directly over both sides of the module.
An aluminum pin fin plate is attached to each side of the die
with an electrically insulating sheet allowing the module to be
immersed in coolant, resulting in a reported 35% reduction in
thermal impedance from junction to coolant. The modules are
directly connected via bus bars to the DC-link capacitor, which
is also liquid cooled. The increased efficiency and reduced
thermal impedance of the IGBT modules enable a compact
design which was required to meet the packaging constraints
for the large hybrid powertrain.

B. Toyota MY2016 Prius

Toyota has long been at the forefront of mass market HEVs
since the introduction of the Prius in 1997. They continue to
focus on hybrid models with some expansion in to PHEVs
with the Prius Prime in 2012. Significant reverse engineering
efforts have been undertaken by Oak Ridge National Labo-
ratory (ORNL) on the 2004 and 2010 model year Prius [50].
Toyota has also published technical papers on the development
of the Prius inverter, most recently for the fourth generation
model [51].

The fourth generation Prius was launched in North America
in early 2016. Toyota has integrated two VSIs, a DC/DC boost
converter, and a DC/DC buck converter for the auxiliary power
module (APM) into one unit. The inverter housing is mounted
to the transaxle to eliminate external phase cables and improve
collision robustness. Due to the mounting location, additional
considerations for vibration resistance were required, including
rubber mounting bushings, elastic washer PCB mounting,
and vibration simulations during the design of the signal
interconnects.

The module and heat exchanger stack are shown in Fig.
3. The power module, manufactured in house by Toyota,
is a phase leg “power card” format. The modules are resin
molded with an integral heat exchanger allowing DSC. In
total, seven phase leg modules, including their individual
heat exchangers, are stacked to form the two VSIs and the
DC/DC boost converter. The major benefit of the card format
is simplified scalability of the inverter for different powertrain
applications through paralleling of module. Interestingly the
fourth generation module reintroduces thermal grease between
the IGBT and heat exchanger, which had previously been
eliminated in the third generation power module design. The
additional heat flux from more tightly integrating the power
switches is mitigated through the increased surface area of the
DSC.

Improved power density has been achieved through the
tight integration of many inverter components. The DC-link
capacitor assembly for the inverters was designed to be con-
nected directly to the power modules, eliminating the need for
an additional busbar. The required capacitance was reduced
thanks to improved control of the DC/DC boost converter
while further reducing volume with new thinner polypropylene
(PP) films. Snubber circuits, commonly used to limit the

Fig. 3: Toyota “power card” DSC IGBT module stack with
heat exchanger [51].

surge voltage across the switches, were eliminated through
reducing stray inductance in the capacitors, busbars, and power
modules. The phase current sensors have been integrated into
the AC output terminals, relying on a Hall effect sensors
that have been integrated into an IC package, reducing part
count and simplifying assembly. Further size reductions were
achieved by combining all control and gate drive circuitry
onto a single PCB. Fastener count was reduced by 67% by
transitioning to welded joins while simultaneously reducing
fastener diameters to save space and weight.

C. Nissan MY2012 LEAF

The Nissan LEAF was first introduced in 2010 with a 24
kWh battery pack as Nissan’s first mass market BEV. The
MY2010 LEAF inverter and EM designs were documented
by Nissan in a technical paper [52]. ORNL has conducted
a teardown of the MY2012 LEAF inverter in [53] and the
National Renewable Energy Laboratory (NREL) has published
a performance evaluation of the thermal systems in [54].

The Nissan LEAF inverter is a single VSI powering the
vehicle’s one EM. The inverter is situated directly on top of the
motor, eliminating external phase cables. As the vehicle has
only a single EM and no ICE, packaging size of the inverter
did not appear to be a significant priority in the design, thus
the power density is somewhat low.

To achieve the required 340 A rms continuous current rating,
three IGBTs and diodes are paralleled internally per switch
with two switches forming a phase leg power module. A
separate power module is used for each phase. The power
module has a unique layer stack up in which the IGBT is sol-
dered to an electrically conducting copper base plate with an
intermediate copper molybdenum alloy buffer plate. The buffer
material reduces stress caused by the CTE mismatch between
the semiconductor and the copper plate. The copper plate is
then bolted to the cooling plate with an electrically insulating
thermal interface material. The gate drive circuitry includes
dV/dt feedback through an analog differentiator coupled to the
IGBT collector. During turn off events, the feedback controls
the gate drive discharge to limit the turn off speed, reducing
surge voltage.

The overall inverter layout is shown in Fig. 4. The DC-link
capacitor is a large planar structure with DC terminals for
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Fig. 4: Nissan LEAF inverter components [53]: 1) Control
board 2) DC-link capacitor 3) DC-link busbar 4) Phase busbars
5) Current sensor 6) Gate driver board 7) IGBT power modules
8) Serpentine heat sink.

each of the three power modules and an integrated thermistor,
manufactured by Panasonic. Three hall effect current sensors
are integrated with the AC bus bar assembly. The gate driver
board is located on top of the power modules while the control
board is located above the DC-link capacitor. The cooling plate
below the power modules has serpentine cooling channels for
WEG coolant. The bottom cover is bolted with a gasket for
sealing.

D. BMW MY2016 i3

The i3 is BMW’s first mass produced zero emissions vehicle
featuring either a 22 kW h or 33 kW h Lithium-ion battery and
a 125 kW PM motor. ORNL has conducted a benchmarking
assessment of the inverter and EM [55].

The inverter unit also contains an APM and a 3.7 kW battery
charger and the overall unit weighs 19 kg. Again external phase
cables have been eliminated by directly mounting the inverter
on top of the EM. The power stage is an Infineon sixpack
IGBT module which has a rated nominal collector current
of 800A. The control board contains two DSPs as well as a
complex programmable logic device (CPLD). The gate driver
board also houses the three 700A LEM Hall effect current
sensors for the phase outputs.

Mechanically, the inverter assembly is stacked with the DC-
link capacitor on the bottom, followed by a cold plate on
which the IGBT module is mounted. The gate driver board
is mounted to the IGBT module and the control board is on

top of the entire assembly. Since the control board also handles
the charger and APM, it is much larger than the inverter stack
and extends over much of the internal area.

E. Audi MY2016 A3 e-Tron

Volkswagen (VW) group recently released its new elec-
trification project, named ‘Roadmap E’, for 2025 and its
strategic approach seems to move towards more PHEVs and
BEVs [56]. So far, the brands Audi, VW and Porsche have
developed a dozen versions of their models with some degree
of electrification. The VW group aims to massively expand its
electrified portfolio across all brands and models by 2030.

Audi introduced in 2016 its new A3 e-Tron PHEV with a
battery pack of 8.8 kWh allowing for an all-electric range of
about 17 miles. In this parallel hybrid powertrain, a single 75
kW EM is combined with an ICE and the system delivers up
to 152 kW and 350 N.m of torque.

In [57], the inverter module, manufactured by Bosch, is
described. In order to maximize the packaging, the traction in-
verter and APM are integrated in the same enclosure and share
a liquid cooled heat sink. The cooling plate is die cast as two
aluminium pieces and then assembled via friction stir welding
(FSW). The overall inverter module weight is estimated at
10 kg with a volume of about 8 L. Three IGBT half-bridge
modules from Bosch are used in the traction inverter with
voltage and current ratings of 600V and 300A respectively.
The control board is composed of, amongst others, a processor,
a microcontroller, and current sensor ICs, while the IGBT
control board includes the gate drivers. The internal housing
provides electromagnetic interference (EMI) shielding for the
control board. Finally, a large DC-link metalized PP film
capacitor is connected to the DC bus bar.

F. Tesla Model S

In 2012, Tesla introduced the Model S, a rear wheel drive
full size luxury sedan with a range of up to 426 km with the
85 kWh battery pack. In 2014, Tesla announced an all wheel
drive version of the Model S with an EM on both the front and
rear axles. Relatively little engineering information is publicly
available on the Tesla drive unit inverters, though several
patents have been issued on the mechanical construction of the
inverter. The rear drive unit from a 2015 Model S 70D, shown
in Fig. 5, has been disassembled and the internal construction
documented. The internal layout is shown in Fig. 6.

On the external cast aluminium housing, the coolant inlet
and outlet ports are visible as well as a high voltage DC-
link connector and a low voltage control connector. The cast
housing is bolted to the gearbox housing in which an access
port allows the inverter phase cables to be unbolted from the
motor phase leads since they are entirely contained within the
drive unit. The inverter consists of the control board which
is on top of a stamped metal shield. Under the shield is a
plastic cover which retains the silicone gel potting compound
that encapsulates the gate driver board. Bus bars are layered
beneath the gate driver board followed by the transistors and
the DC-link capacitor which is at the bottom of the enclosure
furthest from the gearbox. Current sensing is providing by two
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Fig. 5: Tesla Model S dual motor rear drive unit inverter.
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Fig. 6: Tesla Model S inverter components 1) Control board
2) Aluminium shield 3) Phase current sensor ferrite ring
4) Gate driver board 5) Phase busbars 6) Heat sinks 7) TO-247
package IGBTs 8) IGBT clips 9) DC-link capacitors.

Hall effect sensor ICs embedded in gapped soft ferromagnetic
rings which surround two of the phase cables.

Unlike all other inverters surveyed, Tesla has opted for
paralleling TO-247 discrete package IGBTs to achieve the
required current ratings rather than using power modules. Six
IGBTs are paralleled per switch for a total of 36 IGBTs.
The IGBT leads are welded to the bus bars and the gate
and emitter leads are additionally soldered to the gate drive
board. Details of the process are contained in a Tesla patent

on the welding and soldering of transistor leads [58]. A
second patent describe the bus bar locating component which
positions the DC positive and negative bus bars perpendicular
to the transistors and the AC phase outputs parallel to the
transistors [59].

Coolant from the inlet port is split into three distinct heat
sinks which have six transistors affixed with clips to each side.
The heat sinks are a two piece casting which is detailed in a
third Tesla patent, including the internal fin geometry [60].
The DC-link capacitor is located below the transistor stage
with a planar terminal connection to the DC bus bars, also
described in a Tesla patent [61].

The weight and approximate volume of the inverter section
of the drive unit was measured to be 5.8 kg and 6.4 L
respectively.

IV. FUTURE TRENDS

The DOE has identified several potential strategies towards
achieving their 100 kW/L inverter target for 2025. Further
integration of the inverter subcomponents is considered nec-
essary, requiring advanced packaging capable of electrical and
thermal isolation, while enabling significantly higher switching
frequencies and power density. These tightly integrated com-
ponents will require advanced thermal management systems
and materials [5]. Several industry and research trends have
also been identified in the areas of component packaging,
gate driver design, system integration, and manufacturing tech-
niques. Replacing silicon (Si) power semiconductors with wide
bandgap (WBG) devices also brings significant opportunities
to overcome the challenges associated with designing the next
generation of traction inverters [63].

A. Topologies

It is expected the majority of automotive traction inverters
will remain conventional two level VSIs. Multiphase two
level inverters have been applied where high torque is a
requirement, such as in buses and other heavy equipment. TM4
has developed six and nine phase inverters and accompanying
PM machines for these applications [64]. As DC-link voltages
increase, multilevel inverters become more attractive, however
the cost of additional switching devices may make them
impractical for consumer automotive applications. Research
examples of multilevel traction inverters for heavy equipment
have been developed [65, 66]. Switched reluctance motors
(SRMs) have also received significant attention as a potential
rare-earth material free traction machine. The conventional
SRM is driven with an asymmetric bridge converter topol-
ogy, which while distinct from a two level VSI, has similar
requirements for the inverter components. SRM drives have
also been commercially applied for traction purposes in heavy
equipment [67].

B. WBG devices

The application of WBG semiconductors for power elec-
tronics including automotive traction inverters has been an
area of significant research attention and the DOE has invested
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TABLE I: Inverter power density and specific power in recent EVs

Model Components Total Power Rating†
(kVA)

Power Density
(kVA/L)

Specific Power
(kVA/kg)

Chevy Volt PHEV (2014) [46] Dual inverter 180 17.3 21.7

Cadillac CT6 PHEV (2016) [48] Dual inverter 215 22.6 16.0

Toyota Prius HEV (2016) [51] Dual inverter, boost converter and
APM 162 23.7 13.6

Nissan LEAF BEV (2012) [52] Single inverter 80a 7.1 4.7

BMW i3 BEV (2016) [55] Single inverter, charger and APM 125a —c 6.6

Audi A3 e-Tron PHEV (2016) [57] Single inverter and APM 75a 9.4 7.4

Tesla Model S 70D BEV (2015) Single inverter 193a,b 30.1 33.3

† Total power rating is typically reported for only the inverter(s) while the mass and volume is reported for all components contained in the inverter housing,
resulting in lower than actual estimates of power density and specific power. All values are peak output powers.

a Values are reported motor power in kW. Inverter kVA rating is likely slightly higher, resulting in lower than actual estimates of power density and specific
power.

b Motor power as previously reported by Tesla [62]
c Volume not reported

heavily in their commercialization through the Advanced Re-
search Projects Agency-Energy (ARPA-E) [68]. In fact, the
aggressive 2025 power density targets are reliant on replacing
traditional Si power transistors with WBG devices [5]. This is
due to the fact that WBG devices have demonstrated numer-
ous advantages over Si IGBTs including higher temperature
operation, higher breakdown voltages, and higher switching
frequencies while reducing both losses and chip size. Currently
Silicon Carbide (SiC) and Gallium Nitride (GaN) are the
most promising WBG materials due to their characteristics
and commercialization progress [69]. SiC in particular has
been an attractive candidate for traction inverters due to its
superior high temperature operation which may enable system
cost reductions through the unification of the inverter, EM,
and even ICE liquid cooling loops [70].

The maximum DC-link voltage for BEVs is currently
around 400V however further increases are expected. Porsche
and Fisker have both announced 800V architectures with the
goal of enabling faster charging rates [71, 72]. While Si
devices are capable of 800V operation, increased switching
losses tend to reduce the efficiency making WBG devices an
attractive solution for the traction inverter. In 2016, Toyota
demonstrated a prototype SiC inverter for the Prius which
was reported to achieve a 5% increase in fuel efficiency [73].
Mitsubishi Electric has also developed a prototype SiC traction
inverter with a reported power density of 86 kVA/L [74].

Numerous research examples of WBG device based traction
inverters have been reported in [75–78] and reviews on the
status and applications of WBG devices to EVs have been
conducted in [79–82]. While WBG devices offer many benefits
over existing Si devices, the cost premium has been the
primary barrier to adoption by automotive manufacturers. This
cost is expected to continue to decline as manufacturing
techniques improve and the market expands [83, 84]. As
an intermediate step towards full WBG utilization, some
semiconductor manufacturers have introduced hybrid devices
which consist of a Si IGBT and SiC diode in one package. The
SiC diode has negligible reverse recovery loss compared to an
Si diode which is shown to reduce the total loss by 30-40%

[85, 86]. Recently, it has been revealed that the Tesla Model
3 traction inverter is fully SiC MOSFET based with devices
from STMicroelectronics [87].

C. Component packaging

Multiple approaches can be undertaken to improve the
packaging of switching devices, resulting in superior thermal
and electrical performance while reducing weight and size.
Mitsubishi Electric launched a new IGBT module featuring a
unified single layer insulated metal baseplate (IMB), providing
both good insulation voltage and high thermal conductivity
[88]. Conventionally, ceramic substrates are used for their
low thermal resistance in combination with aluminum nitride
substrates that provide the electrical insulation. By using the
IMB technique, the single layer allows elimination of the
bond wires between the substrates and the effective area for
chip mounting can be increased by a reported 23%. The heat
dissipation is also enhanced thanks to a reported 65% thermal
resistance reduction.

Reliability improvements can also be realized through im-
proved packaging and advanced thermal design. This has
been achieved through innovations in the die attach process,
enhanced interconnections, and cooling methods such as DSC.
Manufacturers have begun to move away from bond wires
and soldered connections as they show limitations under high
current and high temperature operation [89, 90]. Semikron has
developed their line of SKiM modules which use diffusion
sinter connections to replace the thermal interface material,
solder layers, and bond wires [91]. As a result, high reliabil-
ity and extended lifetime are achieved under cyclic thermal
stresses. Thermal management is also improved along with
the power density by extending the heat dissipation area of
the module. This is achieved with the DSC method that
removes heat from both the top and bottom sides of the
module, which can reduce the footprint up to 45% compared
to the conventional singled-sided cooling technology [92]. In
combination with DSC, bond wires for the top side of the chip
can be replaced by planar interconnections [93]. By doing
so, the thermal resistance as well as the stray inductance
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and parasitic resistance are reduced by 30%, 15%, and 75%
respectively. Hence, the reliability and thermal capability of
the system are increased along with the power density. The
DSC technique has been implemented in production inverters
by GM with Hitachi and Delphi Technologies modules, as well
as by Toyota [57, 94, 95].

Besides the power semiconductors, the DC-link capacitors
are also under the spotlight as they are typically the heaviest
and most voluminous components in a traction inverter. To
design their highly power dense inverter, Delphi Technologies
and General Electric developed a novel polyyetherimide (PEI)
capacitor dielectric film that can operate at higher temperatures
[4]. Besides improvement of the capacitor technology itself,
better integration of the capacitor with the DC side bus bar
also enables some power density and efficiency improvements
[96–98]. Indeed, by minimizing the series inductance in the
DC side, the voltage overshoot across the switches can be
reduced. Hence, the IGBT modules do not need to be as over
designed to ensure a voltage safety margin and the inverter
power density can be increased.

D. Thermal management

In addition to improvements in the device package, signifi-
cant research has taken place investigating methods for remov-
ing heat from the devices. As device power density increases, it
becomes more challenging to extract heat with a conventional
liquid cold plate design. As a further improvement to the
DSC design, direct cooling has been demonstrated in the
Cadillac CT6 inverter in which the module package is fully
immersed in the coolant, rather than bolted to a cold plate.
Passive 2-phase immersion cooling has been successfully
applied to large scale traction inverters for locomotives and
mining equipment [99] for some time and may see future
applications in automotive. Jet impingement and spray cooling
have also received significant research attention [100], along
with microchannel heatsinks and heatpipes.

E. Gate driver design

By pushing the performance of IGBT power semiconduc-
tors, gate drivers need to be more thoroughly designed and
conventional passive circuits show limitations [31]. Indeed,
gate drivers are usually designed based on the worst case
scenario which limits the switching di/dt to prevent excessive
surge voltage, increasing the switching losses. There is a trend
to move towards smarter gate drivers that adapt the turn-on and
turn-off slopes of the IGBT based on the operating conditions
[101]. Active gate drive techniques enable more control of
the switching behavior allowing the switching losses, surge
voltage, and EMI emissions to be minimized [102]. For
example, Ford developed a dynamic gate driver circuit that
reduces the turn-off switching losses by up to 30% while
ensuring low cost and similar surge voltage to a conventional
gate driver [103]. Toyota developed a gate driver combining
a two-stage gate voltage control with an additional feedback
circuit [104]. This method achieves a good trade-off between
surge voltage and switching losses. TM4 has commercialized
their closed-loop gate drive technology which limits both the

dV/dt Feedback

Gate

Drive r IC

Fig. 7: dV/dt feedback active gate drive circuit used in the
Nissan LEAF inverter [52].

surge voltage and freewheeling diode recovery current [105].
Smart gate drivers also aim to integrate more protection and
monitoring options, such as current and temperature sensing
techniques, which can improve the reliability of the device
and the inverter [106, 107]. Hitachi has also designed its
own gate drivers for its highly power dense traction inverter
[94, 108]. The gate driver IC features protection functions to
detect excessive temperatures, over-current and under-voltage
events. The Nissan LEAF inverter, described in section III-C,
employs an active gate drive technique which uses dV/dt
feedback from an analog differentiator in order to control the
turn off speed, reducing surge voltage and switching losses.
The circuit is shown in Fig. 7.

Besides the need for IGBT gate driver improvements,
WBG devices raise new challenges due to their high current
densities, fast switching capabilities, and high temperature
operation [109–112]. This impacts the driver ICs as they
will also need to operate at higher temperatures and ensure
higher voltage isolation barriers. Moreover, the fast switching
behavior emphasizes the effects of the parasitics responsible
for voltage overshoot and ringing. Integration of the driver
IC with the power module is a suitable solution to limit the
stray inductance as the distance between the gate and the chip
is reduced. In [113], Navitas developed the first integrated
half-bridge GaN power IC for 650 V that includes protection
functions and sensing circuits.

F. System integration

Tighter integration of the traction inverter and EM has been
a clear trend in production EVs. The majority of the production
inverters surveyed in this paper have eliminated external phase
cabling by packaging the inverter in direct proximity to the
EM. This reduces both assembly and material cost while
increasing reliability. Containing the phase cables within a
common motor and inverter housing can also reduce radiated
EMI emissions caused by the inverter.

Highly integrated inverters have been proposed in which the
inverter electronics are mounted axially with the EM allowing
a direct connection of the motor windings to the inverter phase
terminals. This technique is not unprecedented; manufacturers
have integrated rectifying diodes into the housings of automo-
tive alternators for decades [114]. Multiphase machines are an
excellent candidate for a highly integrated inverter as the lower
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phase currents allow the use of smaller switching devices
which can be more easily arranged in a circular format while
mitigating the need for additional phase cables. A prototype
nine phase drivetrain including a PM machine, gearbox and
integrated inverter has been developed to demonstrate the
concept [115]. The integrated inverter is reported to achieve a
power density of 35 kW/L with the entire system capable of a
peak mechanical output power of 60 kW [116].

To further increase the level of integration between the
EM and inverter, the concept of an integrated modular motor
drive (IMMD) has been proposed [117]. The modularization
of the machine into concentrated winding pole pieces each
with integrated drive electronics allows a further reduction in
the total drive volume and enables simultaneous optimization
of the machine and inverter characteristics. WBG switching
devices are an attractive candidate for IMMD designs as they
are capable of the high temperature operation required given
the proximity to the EM while also allowing a reduction
in the DC-link capacitor sizing through increased switching
frequency and interleaving techniques [118].

Manufacturers have already begun integration of the inverter
with the other power electronics modules in the vehicle. This
reduces weight and volume as a common housing can be used
while potentially allowing sharing of the DC-link capacitor
and thermal management systems. For the Chevrolet Volt and
Cadillac CT6, GM integrates the dual inverters into the same
enclosure and Audi A3 e-Tron combines the single inverter
with the APM. The Prius dual inverter module contains the
APM in addition to the high power DC/DC boost converter
while the BMW i3 inverter integrates both the APM and the
3.7 kW on-board charger. Beyond simply physically integrat-
ing the power electronics modules into a single enclosure,
there is an interest in integrated topologies that seek to reduce
costs by reusing existing components and devices to achieve
a new mode of functionality. In particular, integrated battery
charger topologies have been proposed which use existing
switching devices from the inverter and in some cases the
motor winding leakage inductance to achieve battery charging
functionality, eliminating the need for a dedicated on-board
charger [119]. The concept has been implemented in a produc-
tion vehicle in the Renault Zoe which is capable of charging
at up to 43 kW with an integrated topology [120, 121].

G. Manufacturing techniques

Mass manufacturing of complex inverter assemblies is a
challenging task due to the high number of distinct parts and
stringent requirements for reliability and cost. In particular the
liquid cooling system often has unique geometries and tight
tolerances to optimize coolant flow, maintain a consistent ther-
mal resistance and ensure there is no coolant leakage which
could cause catastrophic failure of the inverter. In the current
generation Chevrolet Volt and Audi e-Tron inverters, FSW
techniques have been applied in the manufacturing process to
ensure leak free joins of liquid cooling components without
requiring gaskets and fasteners [122]. Heat is generated via
friction with a non-consumable rotating tool against the faces
of the parts to be joined. This effectively mixes the metals as

the tool moves along the join resulting in a high quality weld
with minimal distortion. Delphi Technologies has claimed a
45% reduction in footprint and a 50% shorter process time
through their FSW manufacturing method for a liquid cooled
heat exchanger which is integrated into the inverter housing
[46].

Due to recent advances in manufacturing techniques, com-
posite materials have seen a resurgence of interest for automo-
tive applications which seek to improve vehicle efficiency and
range through lightweighting. Composites can be up to 35%
lighter than aluminium and 60% lighter than steel, reducing
vehicle mass by up to 10% [123]. Several manufacturers have
already adopted composite structural components including
BMW which uses carbon fiber reinforced plastic extensively
in the production of the i3 [124]. This trend may extend to
housings and enclosures for vehicle components, including the
traction inverter. Carbon fiber reinforced composite enclosures
have already been marketed for aerospace applications and
with continued cost reduction will become increasingly viable
for automotive applications. In addition to the weight savings
relative to metal enclosures, they are claimed to have superior
EMI performance as the composite material can absorb the
radiated emissions rather than reflecting it back to the source
[125].

V. CONCLUSIONS

Traction inverters are a critical application of modern
power electronics in developing more efficient, environmen-
tally friendly automobiles. Detailed analysis of several pro-
duction traction inverter designs is presented based on pub-
lications and reverse engineering efforts, including designs
from recent model year GM, Toyota, Nissan, BMW, Audi,
and Tesla vehicles. Based on the surveyed production inverters
and ongoing industry and academic research, future trends in
traction inverter design are identified. WBG devices have been
of interest for automotive power electronics systems for some
time and are just now beginning to see adoption with the
industry’s first fully SiC traction inverter in the Tesla Model
3. It is likely other manufacturers will follow suit and WBG
device costs will further decline as demand increases, resulting
in a new generation of WBG based traction inverters with
improved efficiency and power density.

Power semiconductor packaging and thermal management
has played a large role in improving inverter reliability and
power density. Several manufacturers have now moved to
DSC IGBT modules to facilitate lower thermal resistances
and increased cooling surface area. Gate driver design has
also become critical to increase efficiency, with active gate
drive designs reporting up to a 30% reduction in IGBT turn
off losses. Fully integrated active gate drive ICs are likely to
become widely available, reducing the cost and complexity
issues that are currently a challenge for active gate drive
techniques.

At the system level, tighter integration of the inverter
with both the EM and other power electronics modules in
the vehicle will result in cost and weight savings. Several
manufacturers have already integrated the APM or on-board
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charger into the inverter housing allowing a shared DC-link
capacitor and thermal management system. Direct integration
of the inverter electronics into the EM housing may present
opportunities for further power density improvements as well
as the implementation of multiphase machines in certain
applications. Challenges with vibration robustness and high
temperature operation need to be addressed as manufacturers
proceed with further integration of the inverter and EM.

Traction inverter design is a challenging and inherently
interdisciplinary engineering problem with many competing
objectives. It is clear from industry examples that there are
multiple valid approaches even with a single standard circuit
topology. As more manufacturers introduce EVs with mass
market appeal, further innovative solutions will be required
to meet the widely varying demands of various automotive
applications.
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